The biosorption of three heavy metal ions namely; Zn 2+ , Cu 2+ and Mn 2+ using five microorganisms namely; Bacillus circulans, Pseudomonas aeruginosa, Staphylococcus xylosus, Streptomyces rimosus and Yeast (Saccharomyces sp.)
INTRODOCTION
Biosorption is a physiochemical process that occurs naturally in certain biomass which allows it to passively concentrate and bind contaminants onto its cellular structure [1] . Biosorption typically involves a combination of active and passive mechanisms, starting with the diffusion of the metal ion to the surface of the microbial cell [2] . The ability of microorganisms to interact with and accumulate a variety of metal ions has been well documented [3] . However, there are significant variations in metal uptake capacity among different genera, different species, and also different strains within a species [4] . Water is very important to human, plants and animals lives but it is also the world's most threatened essential resource. Some of the worst industrial pollution is contaminating the world's most vulnerable water resources [5] . Many industries such as metal plating facilities, mining operations and tanneries discharge waste containing heavy metal ions [6] . As pollutants, heavy metals were intensively studied due to their significance from the point of view of persistence and toxicity. These toxic metals can cause accumulative poisoning, cancer and brain damage to human when found above the tolerance levels [7] . The application of biosorption in continuous processes has received increasing attention from researchers because of its potential industrial roles [8] . In fact, the decision of whether to use batch or continuous processes is a function of hydraulic flow, physical characters of the biosorbent(s), the types of target pollutant(s), space availability, and invested capital. If the flow rate is low, a simple manual batch process is the most economical [9] . Many different types of process configurations, such as stirred tank reactors, up-flow or down-flow packed bed reactors, fluidized bed reactors, rotating contactors, trickle filters and air-lift reactors, have been proposed and investigated for their industrial practicality [9, 10] . Most of these have been used in applications that employ living microorganisms for removal of metal contaminants from complex industrial wastewaters [10, 11] .
In other to understand the mechanisms of biosorption, emphasis will be on the kinetics of bisorption studies which give detailed information on adsorbate uptake rates and on rate-controlling steps such as external mass transfer, intraparticle mass transfer, and biosorptive reaction(s) [12] . Several models have been derived in attempts to quantitatively describe kinetic behaviour during the adsorption process, but each model has its own limitations [13] as contained in Table 1 . The two proposed equations were born out of general rate kinetic equation which were calibrated and verified to give the following two equations: First proposed kinetic model:
(1) Second proposed kinetic model [20] :
MATERIALS AND METHODS
In this study, the materials used are microorganisms comprising of gram positive, gram negative bacteria and algae which were grown on nutrient broth. The microbes were obtained from Department of Microbiology University of Nigeria, Nsukka while heavy metal solutions were prepared by dissolving metal copper nitrate, manganese sulphate and zinc chloride respectively (Cu(NO3)2·3H2O, MnSO4.4H2O and ZnCl2) in water to the required concentrations.
The biosorbents that were used are: Staphylococcus xylosus, Bacillus circulans. Pseudomonas aeruginosa Streptomyces rimosus. Yeast (Saccharomyces sp.)
Biosorption Experiments
Wastewater reservoir was filled with a mixture of wastewater obtained from University of Nigeria waste stabilization pond and zinc chloride to obtain 50mg/l concentration of Zn 2+ in the solution. 2.5g of biosorbents were introduced inside the five treatment units respectively. Each of the five treatment units had baffle to enhance mixing of the influent wastewater with the biosorbent. The hobs at the exit of the treatment units have sieves (in this case, whatman filter paper) to limit the quantity of biosorbents that leave the treatment units. The flows into the treatment units and out of the batch reactor/reservoir were controlled by flow controls. The experimental set up is as contained in Figure 1 . During the 3-day period of operation, the reactors were monitored for 30 minutes, 2 hours, 24 hours, 48 hours and 72 hours respectively for metal ion concentration of the effluent solution and biosorption capacity (q). The biosorption capacity or metal uptake was calculated using the following mass balance equation:
In (3) qt is the biosorption capacity or metal uptake at time t (mg/g); Co and Ct are the initial metal ion concentration and metal ion concentrations at time t in the solution (mg/l), respectively; V is the solution volume (l); and M is the mass of biosorbent (g). 
Webber-Morris kinetic equation [18] 
General rate kinetic equation [19] The pH of both reactors was kept constant with the aid of 0.1m HCl and 0.1m NaOH. Room temperature was maintained throughout the experiments. The metal concentration of both the influents and effluents were obtained using a HI83200 Multiparameter spectrophotometer. The same experiment was repeated for Cu 2+ and Mn 2+ .
RESULTS AND DISCUSSIONS
A comparative analysis was done on the six cited kinetic models in the literature as contained in Table 1 and the two proposed kinetics models to know which one of them could best accommodate different biosorption mechanisms. Each of the cited kinetic models has one or more limitations with respect to the mechanisms of biosorption as contained in Table 1 . In this comparative analysis, two parameters were employed in the comparative analysis of the six existing kinetic models and the two proposed models. The two parameters are linear regression coefficient of correlation R 2 and average relative error (ARE%). The linear regression coefficient of correlations were calculated using the In (5) Xe, meas. is the measured variable, Xe, calc. is the calculated variable, N is the number of data points and ∑ is summation [21] . From Tables 2, 3 the five micro-organisms. Also, based on the value of average relative error (ARE%), the first proposed kinetic model accounted for 93.3% while pseudo second-order kinetic model accounted for 6.7% of the results studied. From the above results, it is can be deduced that for a bisorption process exceeding 24 hours before reaching equilibrium, the first proposed equation is the best among other kinetic models but for biosorption processes that reach equilibrium within few minutes or hours as the case may be, Pseudo second-order kinetic model is the best among others as confirmed by the biosorption of zinc by Staphylococcus xylosus. Also, pseudo second-order kinetic model has also proven reliable for biosorption processes with longer contact time.
4. CONCLUSIONS Summarily, on the average, the 8 kinetics model used to analyse the kinetics of biosorption of three heavy metals by the five selected micro-organisms produced moderately high values of linear regression coefficient of correlation. This has shown that the mechanisms of the biosorption processes are complex. This study has also shown that studying the kinetics of biosorption should not be limited to only on the linear regression coefficient of correlation. Other parameters like average relative errors should be applied with coefficient of correlation for a better judgment. This study has also shown that in terms of adsorption capacity or biosorption capacity as the case might be, pseudo-second order equation accommodated different mechanisms. In terms of concentration of heavy metals, the first proposed kinetic model proved to accommodate different mechanisms of biosorption.
